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Abstract

Background: Abatacept (Aba) is a cytotoxic T-lymphocyte antigen-4 and fragment crystallizable fusion protein. Aba blocks
B7/Cluster of differentiation 28 - cytotoxic T-lymphocyte antigen-4 costimulatory pathway, inhibits cluster of differentiation
4" T-cell activation, and is used as an anti-inflammatory drug.

Objectives: We conducted this study to assess the effectiveness of Aba in the treatment of allergic rhinitis (AR) in a
mouse model.

Methods: We divided 40 four-week-old BALB/c mice into four groups: control group (n= 10), positive control group (AR,
n=10), Aba group (AR + Aba, n=10), and dexamethasone group (AR + Dex, n=10). Mice in each group were challenged
intranasally with daily ovalbumin (OVA) administration. Episodes of sneezing and nose rubbing were counted. Mice were
sacrificed on day 42 and cytokines were measured in nasal lavage fluid. Nasal mucosae of five mice from each group were
used for reverse transcriptase-polymerase chain reaction and western blot assay. Samples were collected from five mice
from each group for histological analysis.

Results: Symptoms of AR significantly improved in the AR + Aba and AR + Dex groups compared with the AR group.
Fewer eosinophils and goblet cells were seen in the AR+ Aba and AR+ Dex groups compared with the AR group.
Both the AR + Aba and AR + Dex groups showed a significant decrease in nasal T helper 2 cytokine levels, including inter-
leukin (IL)-4, IL-5, IL-13 and T cell activation related IL-17A, and interferon gamma (IFN- y). Total immunoglobulin (Ig) E
and OVA-specific IgG| levels were also significantly lower in the AR 4+ Aba and AR + Dex groups. OVA-specific IgE level
was also significantly lower in the AR+ Aba than AR group.

Conclusions: Aba suppresses allergic inflammation and appears to be a good treatment for AR.
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Introduction CD4" T cells in the nasal tissue, especially T helper 2
(Th2) cells, are involved in the pathogenesis of AR.>”’ The

Allergic rhinitis (AR) is one of the most common nasal dis- levels of antigen (Ag)-induced immunoglobulin (Ig) E
eases. AR decreases the quality of life as a result of sneezing, IeG, and Th2 cytokines, such as interleukin (IL)-4, 5 13’
watery rhinorrhea, itchy nose, and nasal obstruction.! AR ’ ’ C

affects 30% of adults and 40% of children.”* Symptoms of
AR are bothersome for the patient and interfere with produc-
tivity at work, leading to large economic losses. Patients with |
severe AR require treatments for suppressing inflammation Chungnam National University School of Medicine, Daejeon, Korea
and alleviating symptoms. Allergy immunotherapy is an *All animal experiments in the present study followed the guidelines and
effective treatment option for AR that also alleviates the ethics of the Institutional Animal Care and Use Committee of Chungnam
symptoms.® Treatment of AR is challenging. Topical and ~ MNational University Hospital (CNUH-018-P0044).

systemic medications are often incompletely effective, and Corresponding Author:

allergy immunotherapy is expensive and difficult to adminis; Yong Min Kim, MD, PhD., 282 Munhwa-ro, Jung-gu, Daejeon, 35015, Korea.
ter. Thus, there is a need for better treatment options for AR. Email: entkym@cnu.ac.kr

are elevated in patients with AR as well as IL-17A, which
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is related with T cell activation.® Changes of these inflamma-
tory mediators and cytokines typically reflect the severity of
AR, thus work as good tools to show the efficacy of AR
drugs.

Two signals are crucial for T cell activation: interaction of
Ag with T cell receptors, and of costimulatory molecules
(B7) on Ag-presenting cells with their T-cell ligands
(CD28/T-lymphocyte antigen-4 [CTLA4]).° In addition, B7
costimulation affects Thl and Th2 cytokine production.'”
CTLAA4-Ig is a protein that binds CD80 (B7-1) and CD86
(B7-2), and blocks ligation of the counter-receptors CD28
and CTLA4."" CTLA4-Ig inhibits inflammation in humans
and animals. Aba, a humanized version of CTLA4-Ig, has
been approved for treatment of rheumatoid arthritis.'?
CTLAA4-Ig acts by blocking CD28-mediated costimulation.

Numerous in vivo studies have assessed the immunologic
response of CTLA4-Ig using various animal models of dis-
eases such as rheumatoid arthritis, systemic lupus erythema-
tosus, allergic encephalomyelitis, and type I diabetes
mellitus.">™" Sato et al., demonstrated that CTLA4-Ig
decreases Th2-related nasal allergic reactions in a mouse
model of AR.'° Although Sato et al., identified an effect of
CTLA-4 Ig on AR mice, the results were not convincing
enough to warrant a clinical trial. The aim of our study was
to assess the effectiveness of Aba in a mouse model of AR,
and to determine whether Aba can be used as a treatment
for AR.

Materials and Methods

Animal

We purchased 4-week-old male BALB/c mice from
Orient-Bio Laboratory (Sungnam, Republic of Korea).
Each mouse weighed 18 to 22 g and was cared for in a
specific-pathogen-free environment. We abided by the guide-
lines of the Institutional Animal Care and Use Committee.

Induction and Treatment of AR in Mice

Mice were allocated into four groups: a negative control
group (n=10), AR group (n=10) as a positive control
group, Aba-treated group (AR+Aba; n=10) and
dexamethasone-treated group (AR + Dex; n=10). Allergen
sensitization, intranasal challenge for the development of
AR, and the treatments are summarized in Figure 1. Mice
were sensitized with an intraperitoneal injection of 25 pg
ovalbumin (OVA) and 2 mg aluminum hydroxide on days
0, 7, and 14. Mice were challenged intranasally with 100
pg of OVA five times a week from day 21 to 40.
Phosphate-buffered saline (PBS) was intraperitoneally
injected and used as the intranasal challenge in the negative
control group. After 1 h of intranasal OVA challenge, the
AR+ Aba and AR+ Dex groups received intraperitoneal
injections of 10 mg/kg CTLA-4-fragment -crystallizable

(Fc) (Aba [Orencia]; Bristol-Myers Squibb, New York,
NY, USA) and 1mgkg Dex (Yuhan Pharma, Seoul,
Korea), respectively.'”'

Symptom scores'®

On day 40, blinded observers counted the number of sneezes
and nose rubbing behaviors 10 min after intranasal allergen
provocation.

Tissue Preparation

Twenty-four hours after the last OVA challenge, all mice
were sacrificed. Five mice from each group were decapitated
en bloc, and samples were collected for histological examina-
tion and protein and RNA extraction. Mice trachea were
exposed and cut under deep anesthesia. A 24-G IV catheter
(Becton-Dickinson, Franklin Lakes, NJ, USA) was inserted
into the posterior choana through a hole created in the
trachea. Nasal cavities were lavaged twice with 350 uL of
cold PBS. Nasal lavage fluid (NLF) was collected and centri-
fuged. Supernatants were stored at—80°C for further
studies. Nasal mucosa was harvested under a microscope
using a small curette and micro-forceps. Nasal mucosae of
five mice from each group were used for protein and RNA
extraction.

Histological Examination

Heads of the remaining mice in each group were fixed in 4%
paraformaldehyde for 2 days (n =35 mice/group). After fixa-
tion, the specimens were irrigated with running tap water
and decalcified in 1 M ethylenediaminetetraacetic acid (pH
8.0) for 2 weeks at room temperature. The specimens were
embedded in paraffin and sectioned coronally (4-um thick-
ness) using a microtome (Leica, Wetzlar, Germany), about
5 mm from the nasal vestibule. Nasal tissues were stained
with hematoxylin and eosin (H&E) (Sigma Aldrich,
St. Louis, MO, USA) for observing general morphology
and eosinophilic infiltration. Periodic acid Schiff (PAS)
(Sigma Aldrich) staining was used to assess goblet cell
hyperplasia. The eosinophil count and mucosal thickness
were measured in randomly selected high power fields at
400 X magnification.

RT-PCR Analysis of Cytokines in the Nasal Tissue

Total RNA in the nasal mucosa was isolated using the
TRIzol™ reagent as per the manufacturer’s instructions.
Complementary DNA was synthesized by reverse transcrip-
tion of 2 pg of total RNA using the SuperScript first-strand
synthesis system as per the manufacturer’s instructions.
The CFX Connect™ Real-Time PCR Detection System
(Bio-Rad Laboratories, Hercules, CA, USA) and Power
SYBR® Green PCR master mix were used to analyze
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Figure |. Schematic flow of our experiment. Each group (n= 10) was sensitized on days 0, 7, and |4 with intraperitoneal OVA injections,
and challenged intranasally with OVA five times a week from day 21 to 40. One hour after intranasal OVA challenge, the Abatacept and
dexamethasone groups were treated with intraperitoneal injections of 10 mg/kg Abatacept and | mg/kg dexamethasone, respectively.PBS,

phosphate-buffered saline; OVA, ovalbumin.

mRNA expression. Primers were purchased from GenoTech
(Daejeon, Republic of Korea); the sequences of the primers
are listed in Table 1.

Measurement of Immunoglobulin and
Cytokine Levels Using ELISA

Blood was collected from vena cava of mice, centrifuged to
obtain serum, and stored at —80°C. NLF was centrifuged
and the supernatant was collected. Serum levels of total IgE,
OVA-specific IgG1, and OVA-specific IgE, and NLF levels
of IL-4 and IL-10 were determined by a commercial ELISA
kit as per the manufacturer’s protocol. The following ELISA
kits were used: LEGEND MAXTM Mouse Total IgE
ELISA Kit (#555248; BD Biosciences, San Jose, CA,
USA), Mouse Ovalbumin-Specific IgGl ELISA Kit
(MBS2533491; MyBioSource, San Diego, CA, USA),
Mouse Ovalbumin-Specific IgE ELISA Kit (MBS764157;
MyBioSource), Mouse IL-4 ELISA Kit (M4000B; R&D
Systems, Minneapolis MN, USA) and Mouse IL-10 ELISA
Kit (M1000B; R&D Systems). Optical absorbance values
were determined at 450 nm using a microplate reader.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
software (ver. 5.0; GraphPad Software Inc., La Jolla, CA,
USA). Data are expressed as mean+ SEM. Differences
among the groups were analyzed by one-way ANOVA and

Tukey’s test. Results were considered statistically significant
at p<0.05, p<0.01, p<0.001, and p<0.0001.

Results

Antigen-Induced Nasal Symptoms Were Attenuated
by CTLA-4 Fc Treatment

Nasal symptoms were assessed on day 40. The numbers of
sneezes and nose rubbing behaviors were significantly
lower in the AR + Aba (0.60 +0.54 and 1.20 + 0.83, respec-
tively) and AR +Dex (0.40 +0.89 and 3.20 +2.48, respec-
tively; p<.0001 for all) groups compared with the AR
group (8.80+2.28 and 15.80+2.58, respectively;
Figure 2). Among all groups, the number of nose rubs was
lowest in the AR + Aba group (1.20 +0.83; p<0.0001).

CTLA-4-Fc Ameliorates OVA-Induced Pathology
of the Nasal mucosa in AR

The nasal mucosa of five mice from each group was exam-
ined histologically. Epithelial thickness and differential cell
counts (eg, of goblet cells and eosinophils) were measured.
Epithelial thickness was significantly decreased in the AR
+ Aba (16.36+2.07) and AR+ Dex (13.82+1.70) groups
compared with the AR group (19.26 +2.72; p<.005 for
all; Figure 3A and B). The number of goblet cells was signif-
icantly lower in the AR + Aba (19.20 +6.18) and AR + Dex
(17.80 +4.20) groups compared with the AR group (32.20 +
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Table I. Sequences of PCR Primers.

Genes Sense primer (5'- 3')

Antisense primer (3'- 5')

Mouse Genes

IL-4 TCTGCAGCTCCATGAGAACA AACGAGGTCACAGGAGAAGG
IL-5 ATGGAGATTCCCATGAGCAC CCCACGGACAGTTTGATTCT
IL-13 CAGCATGGTATGGAGTGTGG TGGGCTACTTCGATTTTGGT
IL-17A TCCAGAAGGCCCTCAGACTA AGCATCTTCTCGACCCTGAA
A
151 20+ -
. 15 T.T-
= 104 T of -
g S E
o R s = - e v

CON AR AR AR
+Aba +Dex

CON AR AR AR
+Aba +Dex

Figure 2. Numbers of sneezes (A) and nose rubbing behaviors (B) counted within 10 min after the last OVA intranasal challenge. The
numbers of sneezes and nose rubbing were significantly lower in the Abatacept and dexamethasone groups. **** P<0.0001.CON, control
group (n=15); AR, positive control group (n=5); AR + Aba, Abatacept treatment group (n=5); AR + Dex, dexamethasone treatment group

(n=5); OVA, ovalbumin.

6.01; p<.01; Figure 3A and C). The extent of eosinophilic
infiltration in the nasal mucosa was significantly smaller in
the AR+ Aba (21.66 +6.11) and AR+ Dex (15.33 +6.65)
groups compared with the AR group (46.33+9.71; p<.01
for all, Figure 3A and D). Epithelial thickness, the goblet
cell count, and eosinophil infiltration were similar between
the AR + Aba and AR + Dex groups.

Production of Th Cytokines in NLF

Because of the limited quantity of NLF obtained, secretions
of only two cytokines (IL-4 and IL-10) were measured in
the NLF using ELISA (Figure 4). Thr concentration of
IL-4 in the NLF was significantly lower in the AR + Aba
(1.60+1.01 pg/ml) and AR+Dex (1.15+0.69 pg/ml)
groups compared with the AR group (8.54 +3.78 pg/ml; p
<.0001; Figure 4A). The concentration of IL-10 in NLF
was similar among all groups (Figure 4B).

Expression of Th Cytokines in Nasal Tissue

To determine whether Aba and Dex affect nasal cytokine
levels, we measured the mRNA levels of Th cytokines
using RT-PCR (Figure 5).

The expression levels of IFN-y, IL-4, IL-5, IL-13, and
IL-17A were significantly lower in both the AR+ Aba
(1.95 +£1.84, 0.30 £ 0.20, 0.91 £0.79, 0.47 £ 0.26, and 2.38
+ 1.62, respectively; p<.0001 for IL-4, IL-13, and IL-17A;

p <.0005 for IFN- y and IL-5) and AR + Dex (0.66 +0.68,
091+1.27, 1.38+0.18, 1.52+0.49, and 0.94+0.55,
respectively; p<.0001 for IL-4 and IL-17A, p<.0005 for
IL-13, and p<.01 for IL-5 and IFN- y) groups than the AR
group (4.65+4.38, 5.80+3.82, 3.39+1.20, 2.41+0.97,
and 4.74 + 1.94, respectively; Figure SA-F).

Serum Levels of Total IgE, OVA-Specific IgG|,
and OVA-Specific IgE

Serum total IgE and OV A-specific IgG1 levels were signifi-
cantly lower in the AR+ Aba (10.14 +0.96 and 40.13 +
5.24, respectively; p<.05 and p<.0001, respectively) and
AR +Dex (1.75+0.81 and 56.47 +4.10, respectively; p<
.0001 for both) groups compared with the AR group (15.69
+2.51 and 55.09 +6.87, respectively; Figure 6A and B).
The serum OV A-specific IgE level was significantly lower
in the AR+ Aba group (0.96+0.35) compared with the
AR group (1.17+0.14, p<.05). However, the
OVA-specific IgE level was similar between the AR and
AR + Dex groups (Figure 6C).

Discussion

AR presents with itchy nose, sneezing, nasal congestion,
and rhinorrhea. These symptoms can disrupt sleep,
leading to daytime sleepiness and lower quality of life.’
In our study, AR symptoms were significantly improved
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Figure 3. A 4-um-thick specimen embedded in paraffin and stained with hematoxylin and eosin and periodic acid Schiff (A). Epithelial
thickness (B) and differential cell counts of goblet cells (C) and eosinophils (D) were all significantly decreased in the AR + Aba and AR +
Dex groups compared with the AR group. ** P<0.01; *** P<0.001; **** P<0.0001.Scale bars =20 um.CON, control group (n=>5); AR,
positive control group (n=5); AR 4+ Aba, Abatacept treatment group (n=5); AR + Dex, dexamethasone treatment group (n=>5).

in the Aba mouse group compared to the control group. Aba
reduced the number of goblet cells and eosinophilic infiltra-
tion of mucosa. Furthermore, levels of molecules associated
with allergic inflammation (Th2 cytokines and chemokines)
and serum-specific IgE were lower in mice treated with
Aba.

ELISA of only IL-4 and IL-10 was performed because of
the small quantity of NLF (Figure 4). We observed decreased
IL-4 secretion and nasal tissue IL-4 mRNA in mice treated
with Aba (Figure 5). However, Aba did not have a significant
effect on IL-10. We postulate that Aba does not interfere with
regulatory T cell (Treg) function, but further studies are
needed to confirm this.

Many studies have been conducted to identify more effec-
tive methods to decrease airway inflammation. Deurloo et al.,
found that OVA did not induce airway hyperresponsiveness
in a novel mouse model lacking CD28 and CTLA4, and pos-
tulated that inhibiting CD28 and CTLA4 may reduce airway
inflammation.”® In another study, administration of
anti-B7-H3 monoclonal Ab in an mouse model of
OVA-induced asthma led to a substantial reduction in the
asthmatic response and decreased levels of IL-4 and
IL-17." Levels of IFN-y increased after administration of
anti-B7-H3. In contrast, we found a decrease in the concen-
tration of IFN-y with Aba treatment, in line with previous
experiments involving transfection with B7-H3.22>*

CTLA4-Fc inhibits allergic airway inflammation in
animals.>>?® Harris et al., found that murine CTLA—4
blocks the production of IL-5 in vivo, and inhibits eosinophil
recruitment. In another study by Harris et al., a mutant
version of CTLA4-Ig that selectively binds CD80 was
found to reduce Ag-induced infiltration of eosinophils and
lymphocytes in the lungs of mice. Sato et al., found a reduc-
tion in IL-4, but no change in IL-5, with Aba treatment. This
is in contrast to our finding of a decrease in the levels of IL-4,
IL-5, and IL-13, and a decrease in eosinophil recruitment, in
the nasal mucosa after Aba.

CTLA-Ig did not block Ag-induced blood eosinophilia or
IgE antibody production in the study by Harris et al., but in
our study, Aba reduced serum IgE levels and airway eosino-
phils. Our results regarding the efficacy of Aba in preventing
mucosal inflammation are in line with previous animal
studies, which also showed a suppressed Th2 immune
response. Eosinophilic chronic rhinosinusitis is another
Th2-mediated disease that might benefit from Aba, but addi-
tional studies are required to confirm this.

To the best of our knowledge, this is the first study on the
effectiveness of Aba, a humanized version of CTLA4-Ig, in
the treatment of AR in a mouse model. A limitation is the
lack of evidence regarding whether the effect of Aba in the
animal model will translate to humans. Although there has
not yet been a study on the efficacy of Aba on AR patients,
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Figure 5. mRNA levels of T helper cells in nasal tissue revealed by RT-PCR. The expression levels of IL-4 (A), IL-5 (B), IL-13 (C), IL-17A
(D), IFN-y (E), and CTLA-4 (F) were significantly lower in AR + Aba and AR + Dex groups than the AR group. (G) The expression levels of
GATAS3 and T-bet were lower in the AR + Aba and AR + Dex groups, but statistical analysis could not be conducted due to the small number
of samples (n=2). *¥, P<0.0l; *** P<0.005; **+* P<0.00|RT-PCR, reverse transcriptase-polymerase chain reaction; IL, interleukin, IFN,
interferon; CTLA, cytotoxic T-lymphocyte associated protein 4; GATA3, GATA binding protein 3; CON, control group (n=>5); AR, positive
control group (n=5); AR + Aba, Abatacept treatment group (n=>5); AR + Dex, dexamethasone treatment group (n=15).

previous studies using Aba on humans regarding other dis-
eases such as asthma, rheumatoid arthritis, and systemic
lupus erythematosus have been disappointing. Parulekar
et al., performed a randomized, placebo-controlled, double-
blinded study on asthmatic patients and did not find a

significant difference in allergen-induced inflammation
between Aba and placebo groups.>’ Aba failed to suppress
inflammation in response to segmental bronchial allergen
challenge of asthmatic patients in many randomized con-
trolled trials.”® In a case reported by Abdelshaeed et al., a
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Figure 6. ELISA of the sera of five mice from each group. Serum total IgE (A) and OVA-specific IgG | (B) levels were significantly lower in
the AR + Aba and AR + Dex groups than the AR group. The serum OVA-specific IgE (C) level was significantly lower in the AR + Aba than
AR group. There was no significant difference in OVA-specific IgE levels between the AR and AR + Dex groups. *, P <0.05; *** P <0.005;
*ek P<0.001 CON, control group (n=#6); AR, positive control group (n=6); AR + Aba, Abatacept treatment group (n=6); AR + Dex,

dexamethasone treatment group (n=6).

63-year-old woman with rheumatoid arthritis, asthma, and
nasal polyposis continued to show poor symptom control
even after 33 months of Aba treatment. Many researchers
have suggested that the short duration of Aba treatment in
human studies may explain the lack of apparent benefit. A
longer study duration could support this hypothesis, and
may possibly reinforce what has shown in this AR study as
well. A limited amount of specimen also restricted our
range of study. ELISA and RT-PCR was used to overcome
the problem. Although this study could not go through
further cytokines and inflammatory mediators, they resulted
in definite efficacy of the Aba. Future studies should
include larger samples.

CTLA4-Ig inhibits inflammation by preventing
CD28-mediated costimulation. However, CTLA4-Ig also
suppressed inflammation in mice deficient in CD28 and B-
and T-lymphocyte attenuator by acting on nitric oxide syn-
thase 2.%° Therefore, the mechanism of action of CTLA-Ig
should be investigated further.

In conclusion, Aba effectively suppressed allergic inflam-
mation in a mouse model of AR. Our results suggest that Aba
is a potential treatment option for patients with AR.
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